Schizophrenia is a complex highly heritable disorder. Genome-wide association studies have identified multiple loci that influence the risk of developing schizophrenia, although the causal variants driving these associations and their impacts on specific genes are largely unknown. Here we link genetic findings to gene expression in the human brain by performing a transcriptome-wide association study (TWAS) in which we integrate the largest published genome-wide association dataset of schizophrenia, with publically available post mortem expression data from the dorsolateral prefrontal cortex (DLPFC). We identify a significant correlation between schizophrenia risk and expression at eighty-nine genes in DLPFC, including forty-two genes not identified in earlier TWAS of this transcriptomic resource. Genes whose expression correlate with schizophrenia were enriched for those involved in nervous system development, abnormal synaptic transmission, reduced long term potentiation, and calcium-dependent cell-cell adhesion. Previous genetic studies have implicated post-synaptic glutamatergic and gabaergic processes in schizophrenia; here we extend this to include molecules that regulate presynaptic transmitter release. We identify specific candidate genes to which we assign predicted directions of effect in terms of expression level, facilitating downstream experimental studies geared towards a better mechanistic understanding of schizophrenia pathogenesis.
Introduction
Schizophrenia is a severe psychiatric disorder which typically manifests in late adolescence or early adulthood, although prodromal functional impairment may precede formal diagnosis by many years 1 . Treatments for schizophrenia are symptomatic rather than curative; they are effective in many cases, but a large proportion of people with the disorder have a chronic or relapsing and remitting presentation. As a result, schizophrenia is associated with extensive health and social costs, reduced life expectancy (10-20 yrs) and the suicide rate is 12-times higher than in the general population [2] [3] [4] .
Schizophrenia is multifactorial but highly heritable. The genetic contribution is polygenic, involving large numbers of risk alleles spanning the full spectrum of possible allele frequencies [5] [6] [7] . Genome-wide association studies (GWAS) have identified large numbers of schizophrenia associated risk loci defined by common alleles of small effect size, the most recent study (40, 675 cases and 64,643 controls; referred to hereafter as CLOZUK+PGC2) reporting 174 independent association signals representing 145 physically distinct associated loci 5 .
In principle, each genetic locus identified by GWAS provides an opportunity to expose a biological mechanism bridging statistical association and disease. However, in practice, because the sentinel or index associated polymorphism is often in extensive linkage disequilibrium (LD) with large numbers of flanking polymorphisms, a single associated locus often encompasses multiple genes and regulatory motifs. Allied with the possibility that some of the latter may regulate genes that lie beyond the boundaries of the associated region, the imprecision inherent in GWAS makes extracting biological information from these studies challenging. Seeking to address this, a number of approaches have been developed to prioritise causal variants and/or genes at disease loci based on functional annotations of the genome 8 . Broadly speaking, the aims of integrating genomic and functional genomic data are to link genetic associations to specific candidate genes that may be responsible for driving the genetic associations, and to exploit the combined datasets to identify candidate loci that are not detected by GWAS alone. For many complex disorders, including schizophrenia, for which the common variant associations appear to be largely driven by variation affecting gene expression or splicing rather than nonsynonymous variation 9,10 , there has been considerable interest in integrating GWAS data with genome wide annotations of regulatory polymorphisms defined in appropriate tissues. Several methods, collectively described as transcriptome-wide association studies (TWAS) have been developed to achieve this, including Summary Mendelian Randomisation (SMR) 11 , PrediXcan 12 and FUSION 13 , some of which have been applied to studies of schizophrenia. Here the principle is to derive genomic predictors of gene expression from samples (not necessarily cases) for which both genomic and gene expression data are available, and to use those predictors to impute gene expression in independent samples (e.g. case-control samples) for which genome-wide association data, but not gene expression data, are available. In contrast to direct case-control studies of gene expression in human brain, by exploiting genetic predictors of expression via transcriptome imputation into cases and controls using genetic data, it is possible to take advantage of the much larger sample sizes that currently comprise GWAS datasets to identify genes whose expression is predicted to differ between cases and controls. As noted previously, an additional advantage over case-control post-mortem brain expression studies is that by inferring expression from genomic information, the TWAS approach is fairly robust to reverse causality 13 .
Applying the FUSION approach to GWAS summary statistics from the second GWAS of schizophrenia published by the Psychiatric Genomics Consortium (or PGC2), Gusev and colleagues 14 recently identified 44 genes for which there was significant evidence for association between schizophrenia and the genetically imputed cis-component of gene mRNA expression in adult post-mortem human brain tissue from the dorsolateral prefrontal cortex (DLPFC). The SMR approach has also been used to identify candidate expression changes that may explain genetic findings 11 ; and using this method, we reported association between the expression of 22 genes in DLPFC and schizophrenia liability 5 . Large numbers of genes whose mRNA expression in non-brain tissues (e.g. fat, peripheral blood, testis) have also been correlated with schizophrenia 11, [14] [15] [16] ; while there is clear evidence for cross tissue overlap in the effects of gene variants on gene expression, unless supported by findings in brain tissue, caution in interpreting those findings in the context of schizophrenia is required.
Here we report a FUSION analysis based on the largest published schizophrenia GWAS dataset 5 and publicly available expression data from the Common Mind Consortium study of DLPFC 17 . We restricted our analysis to this single tissue source as enrichments for common variant genomic and transcriptome-wide polygenic association signals are effectively restricted to the brain 5, 14 , and therefore associations between schizophrenia and heritable gene expression derived from this tissue have the highest plausibility of being relevant to the disorder. The use of a single source tissue also facilitates downstream gene-set analyses as the heritability of expression for each gene has been derived from the same sized and equivalently powered sample, and therefore expression of each gene has the same opportunity to be correlated with schizophrenia, subject of course to it being expressed in that tissue. This in turn minimizes potential ascertainment bias when including genes in gene-sets. In the current study we report 89 TWAS significant associations between gene expression and schizophrenia, 44 of which have not been previously reported in other schizophrenia TWAS studies which focus on brain tissue(s) 5, [14] [15] [16] . TWAS associated genes were enriched in processes involved in synaptic development and plasticity, and impaired long term potentiation. Within these significant gene-sets, we identify individual significant candidate genes to which we assign direction of expression changes in schizophrenia. The findings provide strong candidates for experimentally probing the molecular basis of synaptic pathology in schizophrenia.
Materials and Methods
TWAS was performed using the FUSION software 13 . Briefly, this method requires GWAS summary statistics with directional information (i.e. Z-score and associated allele), reference haplotypes to estimate linkage disequilibrium, and expression weights derived from subjectlevel expression data in relevant tissue(s). Reference haplotypes and compiled expression weights were obtained from the FUSION website (http://gusevlab.org/projects/fusion/). The analyses presented here use reference haplotypes from the 1000 Genomes European subpopulation and pre-calculated expression weights for the dorsolateral prefrontal cortex (DLPFC). These expression weights are calculated from the cis-genetic (+/-500 kilobases from transcription start/stop site) component of gene expression in individuals from the Common Mind Consortium 17 (n=452). Cis-expression is modelled using four regression frameworks -bslmm, blup, enet, and lasso -and polymorphisms contributing to the model explaining the largest proportion of variance explained (r 2 To assess the relationship between TWAS and GWAS findings, TWAS significant loci were mapped to the genomic coordinates for 145 schizophrenia-associated loci from the CLOZUK+PGC2 schizophrenia meta-analysis 5 , where GWAS loci were defined for each independent tag-SNP using an LD r 2 > 0.6, and aggregating proximal (+/-250kbp) loci. At each locus containing a TWAS signal which could be attributed to a single gene, locus-wide GWAS statistics were conditioned on imputed gene expression using the FUSION.post_process.R script. The change in p-value of the most significant polymorphism within the locus, before and after conditional analysis, was used to evaluate the effect of imputed expression on phenotypic (schizophrenia) association.
To test the temporal differences in gene expression across developmental stages, a Pearson's rank correlation was calculated for TWAS Z-scores and effect sizes for the prefrontal cortex across 19 developmental periods, ranging from fetal to adult, using data collected by the BRAINSPAN study which had been subjected to the quality control pipeline as described by Gusev et al 14 . P-values were corrected for multiple testing using FDR.
A competitive gene-set enrichment analysis was performed using linear regression in R 18 , with absolute TWAS Z-score as the dependent variable and gene-set membership as a linear predictor. This analysis was carried out for 10 significant candidate gene-sets and 6 677 data-driven gene-sets reported by Pardiñas and colleagues. Further details about these gene-sets can be found here 5, 19 . Gene-sets containing fewer than ten cis-heritable genes were removed (resulting in 2 316 data-driven gene-sets). Gene-sets were corrected for multiple testing using a 5% false-discovery rate implemented in R 18 . To test whether genesets were significantly depleted for genes with cis-heritable expression (i.e. TWAS genes), a non-cis-heritable gene list was generated by excluding TWAS genes from a background panel of known brain-expressed genes 20 . Differences between the proportion of genes within a given set which were cis-heritable versus non cis-heritable were assessed using a Χ 2 test.
As this method does not account for the correlation between genes in the way that gene-set analysis using software for SNP-based data (such as MAGMA) does, a quantile-quantile plot of observed versus expected p-values was generated for this analysis ( Supplementary  Figure 1) , which demonstrated no inflation of test statistics above the null (λ = 0.94).
Results

TWAS Genes
Of 5 382 genes with significant cis-heritable expression in the dorsolateral prefrontal cortex (DLPFC), TWAS test statistics were successfully modelled for 5 301 genes using the schizophrenia association summary statistics. After adjusting for multiple testing using the Bonferroni method, a significant TWAS association signal
) was observed for 89 genes. TWAS test statistics for all genes are shown in Figure 1 and Supplementary  Table 1 . Schizophrenia liability was not significantly biased towards increased or decreased expression, with increased expression being positively correlated with disease risk at just over half of genes (n = 46, sign test p = 0.83). Proximal TWAS significant genes (those within a 500 kilobase window) were aggregated, resulting in 62 discrete regions of the genome ( Supplementary Table 2 ). Conditional analyses within each region identified 68 genes with statistically independent TWAS signals (locus-wide Bonferroni p ≤ 0.05). The TWAS signal could be attributed to a single gene at 57 of these loci ( Supplementary Tables  2 and 3) .
Thirty-six of the TWAS significant loci, incorporating 56 TWAS significant genes, could be mapped to genome-wide significant loci reported in schizophrenia GWAS upon which this TWAS was based 5 . It was possible to distinguish a single significant TWAS gene at 32 of these loci, after conditioning on other TWAS signals at the locus ( ), without unmasking a secondary signal, suggesting that these candidates potentially fully account for the association signals at the locus. Conditional regional association plots for the 32 loci where a single gene was driving the signal are shown in Supplementary Figures 2 to 33 .
Twenty-seven TWAS significant loci, comprising 33 significant TWAS genes, fell outside established (genome-wide significant) schizophrenia risk loci (+/-500 kilobases) as defined by Pardiñas et al 5 ( Table 2) . Of these, 23 loci had a signal attributable to one gene. TWAS significant associations at loci not (yet) implicated in GWAS can arise when multiple variants influence the phenotype through changes in expression, or through the reduced multiple testing burden of gene based analysis 14, 16 .
The TWAS associations were also significantly correlated with reduced expression at age 18 years, and nominally correlated with increased and reduced expression at two fetal time points (17 and 26 weeks post-conception) in independent samples from BRAINSPAN (Supplementary Figure 34 ).
Gene-set analysis
We tested ten gene-sets that were reported to be enriched for SNP-association signals in the CLOZUK+PGC2 schizophrenia GWAS 5 . Across these ten sets, two were significantly enriched for TWAS signal; abnormal long term potentiation (MP:0002207; p = 6.03x10 -4 ) and genes that are intolerant to loss-of-function mutations (Lek2015 LoFintolerant 90 21 ; p = 2.36x10 -3 ). However targets of FMRP, one of the most strongly implicated gene-sets in analyses using SNP-level data 5 , showed no evidence for enrichment of TWAS signal (FMRP_targets 19 ; p = 0.67). This could be in part due to the fact that, in contrast to gene-set analysis of GWAS data which includes data from all measured SNPs within the gene boundaries of each gene-set member, TWAS gene-set analysis only incorporates a subset of SNPs with significant non-zero cis-heritable expression in the source tissue, which may reduce the number of informative genes within a given gene-set. Indeed, of the 8 gene-sets enriched for SNP-association signal 5 which did not demonstrate an enrichment of TWAS signal, 5 were significantly depleted for cis-heritable genes in DLPFC (FMRP targets 19 ; abnormal behavior, MP:0004924; abnormal nervous system electrophysiology, MP:0002272; voltage-gated calcium channel complexes 22 ; and synaptic transmission, GO:0007268). Targets of FMRP were particularly depleted (p = 3.84x10 -37 ), comprising only 3.2% of genes with cis-heritable expression in DLPFC compared with 8.9% of genes expressed in that tissue which showed no evidence of cis-heritability (Supplementary Table 5 ). However, given the enrichment observed for the much smaller gene-set (i.e. abnormal long term potentiation), simple reduction in the number of informative genes cannot provide the sole explanation for loss of signal. Rather, the loss of association for the FMRP targets gene-set suggests at least one of the following alternative hypotheses: a selective loss of signal from schizophrenia associated genes within that dataset; a change in attribution of SNPs to particular genes (in the GWAS analyses, these are based on physical location relative to gene boundaries); being a competitive test, the inclusion of only genes with cis-heritable expression as the background set against which specific sets are tested for enrichment might attenuate the signal.
To set the findings in context, and identify novel candidate gene-sets, as in our previous study, we undertook a broader analysis of 2 316 gene-sets which included at least 10 cisheritable genes. These genes represent a TWAS informative subset of a larger data-driven set (N=6 677) described elsewhere 5 . In brief, these sets comprised 101 custom annotated CNS gene-sets 19 ; a gene-set of genes intolerant to loss-of-function mutations 21 ; 735 genesets from Gene Ontology 23,24 database release 01/02/2016; 663 gene-sets from the fourth ontology level of MGI database version 6 25 ; 431 gene-sets from REACTOME 26 was found for 5 gene-sets: nervous system development (GO:0007399; p = 1.11x10 -4 ), abnormal synaptic transmission 19 (p = 0.03), abnormal long term potentiation 19 (p = 0.04), MGI:reduced long term potentiation (p = 0.04), and calcium-dependent cell-cell adhesion (GO:0016339; p = 0.04). A stepwise multivariable linear modelling approach, where the residual significance of each gene-set was tested after conditioning on the most significant gene-set(s) at each iteration, was used to detect independently significant gene-sets. All but abnormal long term potentiation remained significant after conditional analysis ( Supplementary Table 6 ).
Genes included in the four conditionally significantly associated gene-sets, and their TWAS association p-values, are provided in Supplementary Tables 7-10 . Three of the four conditionally independent gene-sets contain a total of 9 TWAS-wide significant genes ( Table  3 , and discussed below); the calcium-dependent cell-cell adhesion did not contain any TWAS significant genes, with the signal in this set largely being driven by associations at the proto-cadherin beta gene cluster on chromosome 5 ( Supplementary Table 9 ).
Discussion
Applying the FUSION method to the largest published schizophrenia GWAS dataset available, we have identified a significant correlation between cis-expression in the DLPFC and schizophrenia risk at 89 genes. An earlier FUSION TWAS performed using a smaller schizophrenia GWAS 14 , and the same DLPFC expression weights, identified 44 significant TWAS signals after applying Bonferroni correction, of which 36 remain significant ( Supplementary Table 11 ). In the present TWAS, we identified an additional 53 significant associations, 39 of which were neither reported, nor proximal (+/-500kbp) to a significant locus observed in the earlier TWAS based on this tissue. At 32 loci previously associated with schizophrenia at genome-wide levels of significance, we were able to determine that disease risk was correlated to the cis-expression of a single gene (Table 1 ) and a further 23 genes outside GWAS loci were similarly implicated as the sole candidates in the region ( Table 2 ). Prioritising putative causal candidate genes and predicted directions of effect at GWAS loci are important steps towards facilitating functional experimentation.
Gene-set analysis of the TWAS data implicated processes related to the development of the CNS, synaptic transmission, and synaptic plasticity through impaired long term potentiationin particular, processes relevant to glutamatergic and GABAergic transmission (see below). Abnormalities in synaptic transmission and plasticity, and specifically both glutamatergic and GABAergic neurotransmission have been implicated by rare variant studies of schizophrenia 19, 20, [29] [30] [31] , but the findings from common variant studies have, to date, been equivocal. We also identify individual genes within those gene-sets that are TWAS significant; in the context of being individually significantly associated and their membership of biological processes that are implicated in the disorder by the present study, these TWAS significant genes, (discussed below) represent a particularly interesting subset of candidates for generating biological hypotheses.
Candidates within the abnormal synaptic transmission set and reduced LTP.
From the Mouse Genome Informatics (MGI) 32 set "abnormal synaptic transmission" GABRA2, CLCN3, DOC2A, MAPK3, and LRP8 are significantly upregulated (in cases) while CPEB1 within that set is significantly downregulated in schizophrenia ( Supplementary  Table 8 ). DOC2A, MAPK3, and LRP8 are also members of the MGI reduced long term potentiation set ( Supplementary Table 10 ), which was conditionally independently significantly associated in the TWAS gene-set analysis. GABRA2 encodes the gammaaminobutyric acid type A (GABA A ) receptor alpha-2 subunit which combines with other subunits to form pentameric GABA A transmembrane receptors, the main inhibitory receptors in the CNS. A role for altered GABAergic function in schizophrenia has been proposed [33] [34] [35] [36] , largely on the basis of imaging studies, animal models of putative intermediate phenotypes, and post-mortem expression studies 37 . In the latter, consistent with our results, elevated immunoreactivity for GABRA2 has been observed in the DLPFC 38 . While this finding has been generally considered to be a post-synaptic homeostatic response to reduced presynaptic GABAergic synthesis and signalling 38 , in vivo brain imaging studies studies have not provided support for reduced GABA synthesis 39 . Indeed a recent in vivo study of antipsychotic naive patients showing increased GABA in patients challenges this view 40 , as do findings both of no reduction in the major GABA synthetic enzyme GAD67, and an increase in certain types of GABAergic pre-synaptic markers, in post-mortem prefrontal cortex of people with the disorder 41 . Currently, the post-mortem and in vivo imaging data are not decisive in pointing to a primary excess or decrease of GABAergic signalling at glutamatergic neurones in schizophenia 42 . Our finding that elevated cis-expression of GABRA2 is associated with increased risk of schizophrenia suggests the change contributes to pathogenic processes rather than being simply compensatory (see also CLCN3 below).
Although the net effect of over-expression of this receptor on overall GABAergic function is unclear, our findings suggests the possibility that targeting treatments at antagonism at this receptor complex might be more appropriate than agonism, as has largely been the focus to date. At a wider level, this finding adds further genetic support for the GABAergic hypothesis of schizophrenia and complements a recent study which reported enrichment for components of GABA A receptor complexes in CNVs in people with schizophrenia 19 .
CLCN3 encodes an intracellular, voltage-gated chloride channel. It is involved in regulating neurotransmitter vesicle turnover at both excitatory glutamatergic and inhibitory GABAergic synapses, can be pre-or postsynaptic, and is thought to be an important regulator of synaptic plasticity 43 44 . Neurotransmitter release at inhibitory GABAergic synapses is reduced in CLCN3-null mice while glutamate release is increased 43 44 ; our finding, and that of another study based on the SMR approach 17 , of increased expression of this gene might suggest the reverse effect (reduced glutamate, increased GABA) in schizophrenia consistent with the aberrance of both excitatory and inhibitory signalling in schizophrenia.
DOC2A and MAPK3, encoding double C2 domain alpha and mitogen-activated protein kinase 3 respectively, map to 16p11.2, duplication of which is associated with schizophrenia 45 . Both are cis-upregulated in schizophrenia in the present study and in a previous TWAS study 14 , consistent with the possibility that one or both contribute to the pathogenicity of the 16p11.2 duplication. Evidence from animal studies supports the hypothesis that both MAPK3 14 and DOC2A 46 can contribute to CNS phenotypes; in the present study, conditional analysis suggests expression of both genes contributes to the association signal at this locus, the conditional evidence being much stronger for expression of DOC2A (conditional on MAPK3, p=3.5x10 -7 ) than MAPK3 (conditional on DOC2A p=0.014). Reduction in DOC2A expression results in a reduction of spontaneous glutamate release from hippocampal neurons in culture, and increases glutamatergic synaptic efficiency; and synaptic efficacy 47 , suggesting the possibility that the increased cisexpression in schizophrenia predicted by the TWAS might result in hypofunction at glutamatergic synapses. Evidence implicating MAPK3 in schizophrenia is discussed in an earlier TWAS study 14 .
CPEB1, (reduced cis-expression) encoding cytoplasmic polyadenylation element binding protein 1, is expressed in dendrites where it facilitates activity dependent mRNA translation 48, 49 and memory consolidation 50 . It has been reported to bind, and act antagonistically to, FMRP which is a translational repressor 50 . Given that people with schizophrenia are enriched for loss-of-function mutations in genes encoding targets of FMRP 20,30 , we postulate the relative reduction of expression of CPEB1, a facilitator of translation of those genes, might similarly increase risk of schizophrenia by reduced expression of FMRP targets.
The other gene in the set is LRP8 (cis-upregulation) which encodes LDL Receptor Related Protein 8. LRP8 is widely expressed, but is particularly highly expressed in the developing foetal brain 51 . A previous candidate gene study has reported (non-genomewide significant) association between LRP8 and a combined schizophrenia-bipolar phenotype 51 . Moreover, as in this study, risk alleles were associated (non-genomewide significant) with higher LRP8 mRNA expression in brain 51 . LRP8 is a component of the NMDA receptor complex (NMDA-R) at glutamatergic synapses 52 , a complex repeatedly implicated in schizophrenia 19, 29, 30 . It is also the major receptor, and effector, of the actions of reelin as a modulator of plasticity, memory and learning in the adult brain 53 . It should be noted that LRP8 has non-synaptic functions of credible relevance to schizophrenia, including mediating reelin related functions on neuronal migration, neurogenesis, and neuronal differentiation 54 . However, these processes are not implicated by the gene-set analysis. Moreover, it is unclear how increased expression of LRP8 might relate to the reduced reelin function that has most commonly been linked to schizophrenia.
Although a member of the gene-set nervous system development (GO:0007399), NEURL1 (cis-downregulated), which encodes neuralized E3 ubiquitin protein ligase 1, is functionally better characterized as gene involved in reduction of LTP and synaptic plasticity. NEURL1 is widely expressed in brain. Its mRNA is present in dendrites where translation is synaptic activity dependent 55 . Suppression of NEURL1 reduces glutamatergic AMPA receptor expression and impairs both LTP and LTD forms of synaptic plasticity and memory formation. Overexpression has the opposite effects 55 . Synaptic activity induced NEURL1 expression is thought to increase the number of AMPA receptors, and the number of functional AMPA containing synapses, via activating CPEB3, a protein which like another TWAS significant member of the same family CBEP1 (above) is a facilitator of local mRNA translation 55 .
Candidates within the nervous system development (GO:0007399) gene-set. TWAS significant genes within this gene-set include CNTN4, PCDHA2, PCDHA7, PCDHAC1 ( Supplementary Table 7 ) as well as NEURL1 and DOC2A which were discussed in the previous section. CNTN4 (cis-upregulated) encodes contactin 4, a member of the contactin family of axon-associated cell adhesion molecules. Similar findings with CNTN4 were previously reported 17 in a study which went on to show that overexpression of this gene in zebrafish resulted in smaller head size and a reduction in cellular proliferation. CNTN4 is most highly expressed in the CNS, particularly in pyramidal neurons and interneurons; while it is proposed to pay a role in neurite growth and axonal targeting, its range of actions and the mechanisms underpinning them are poorly understood 56 . The associated protocadherins (PCDHA2, PCDHA7, PCDHAC1, all upregulated) map to one of several protocadherin clusters on chromosome 5. They are physically overlapping, and therefore although PCDHA2, and PCDHAC1 are conditionally independent ( Supplementary  Table 3 ), we consider all three genes to represent a single association signal that affects multiple functionally related genes, likely including members of the beta protocadherin family as well ( Supplementary Table 9 ). PCDHA genes, which were originally referred to as cadherin related neuronal receptors, are largely localized in dendritic/synaptic structures 57 . They have been poorly functionally characterized, but are involved at many stages of neural circuitry development including axon outgrowth, and the formation of complex dendritic structures and postsynaptic spines 58 . Most studies have observed impaired synaptic development and function after knockout or suppression of PCDHA genes, for example knock out of PCDHA2, whose expression is largely confined to serotonergic and noradrenergic neurons, selectively impairs serotonergic neuronal projections and function, and induces multiple depression related phenotypes in mice 59 . The impact of overexpression of PCDHA genes has not been reported. However, one study 60 reported that overexpression of some types of protocadherins (gamma) impairs synaptic development by disrupting the activity of neurexin 1 (deletion CNVs of which are associated with schizophrenia 29 ), so it seems therefore seems that over-or under-expression of individual members of this complex superfamily of genes impacts on CNS development.
The present study represents one approach to mine GWAS association findings, but it is not without limitations. Here, as others have done before in smaller datasets and/or with different methods, we show that changes in gene expression can be imputed into case-control studies, but such data are essentially correlational and do not prove those changes are causal. Nevertheless, as noted above, even when prior hypotheses are not imposed on the dataset, (i.e. data driven analyses), our findings show evidence for convergence with earlier rare variant studies, albeit such convergence is largely at the level of systems and processes rather than specific genes. Whether this reflects a true lack of overlap between common variant and rare variant studies is at present unclear given the low power of rare variant studies to date, and the modest power both of the eQTL and GWAS datasets. In this respect, the relative depletion of some of the major common and rare variant associated gene-sets (LOF intolerant and targets of FMRP) for cis-heritable expression is notable. We postulate this may suggest that, just as for damaging mutations, selection pressures constrain the impact of cis-eQTLs to quite small effects that will require much larger eQTL datasets to detect. Beyond sample size, the tissue source for the eQTLs may also be an important limitation. The present study is based upon post-mortem adult human brain tissue from the DLPFC, as we judge this to be optimal in terms of the balance of sample size and pathogenic plausibility. However, under the hypothesis that at least some of the processes that underpin schizophrenia exert their pathogenic effects during early development, it will be important to evaluate eQTL datasets from foetal samples as these become available.
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